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Heavy quarkproductionprobesQCD at the interfaceof the perturbatve and non-perturbatie regimes.
Studyingthe productionof heary quarksis animportanttestof modelsin bothregimes. In this article,
recentresultson beautyand charmproductionfrom the CDF and D@ experimentsat the Tevatronare
reported.Theseinclude measurementsf correlatedob productionthey 2S productioncrosssection,
andj 1S andj 2S polarization.

1 Intr oduction

The study of heary quark productionis an importanttest of modelsof both perturbatre and non-
perturbatre quantunchromodynamicéQCD). Sincethedevelopmenbf nonrelatvistic QCD (NRQCD),
theagreemenbetweertheoreticabredictionsandmeasuredaluesof heary quarkproductioncrosssec-
tionshasimprovedgreatly However, recent) y andy 2S polarizationmeasurementstthe Tevatron®
indicatethe understandingf heary quarkproductionis notyetcomplete.

The Tevatronat the FermiNational Acceleratorl_aboratoryproducespp collisionswith a centerof
massenegy of 1 96 TeV. The Collider Detectorat Fermilab(CDF) andD@ experimentemplo/ general
multipurposedetectors 3 to reconstruciparticle physicseventsfrom thesecollisions. With b-hadron
crosssectionf 30pb h 10 ,2% CDFandD@ have awealthof experimentadataon b-hadrons.

2 Correlatedbb Production

The crosssectionfor producing,in hadroniccollisions, both the b and b quarkscentrally and above
a given pr thresholdis referredto asthe bb correlations s The exact next-to-leadingorder (NLO)
predictionof s aappearso bearobustperturbatre QCD prediction differing by only afew percenfrom



theleadingorder(LO) prediction.However, Runl measurementsf s j4atthe Tevatronareinconclusve,
with anaverageratio of the measured 4 over the exact NLO prediction(Rz,) of 1 8 with a0 8 RMS
deviation.®

In this measuremert,s i is obtainedn 740pb * of CDF datausingdimuoneventswith pr p = 3
GeVlc, h 07, andinvariantmassm 580 GeV/c?. This correspondso bb pairswith pr 2
GeV/c andrapidity y 1 3. At the Tevatron, dimuoneventsmainly resultfrom the decayof heary
quarkpairs(bb or cc), the Drell-Yanprocessthedecayof charmoniumandbottomoniumandthedecay
or misidentificationof p or K mesonsTo determinethe bb andcc contentof the data,we fit theimpact
parametedistribution of the muontracks. Theimpactparametedy is definedasthe distanceof closest
approachof the track to the primary event vertex in the transerseplane,andit is proportionalto the
decaytime of the parentparticle.

Theone-dimensiondampactparametedistributionsof muonsfrom b andc decaysaremodeledoy a
tunedHerwig simulation® while the distributionsof promptmuonsarereconstructedisingmuonsfrom
i 1S decaysnthedata.Becauseheimpactparametersfthetwo muonsareto rst orderuncorrelated,
thethreelD templatesnaybe combinednto six 2D templatego represenéachpossibledimuonsource
(bb, cc, cb, prompt-promptpromptb, andpromptc). Thesesix templatesarethenusedto performa
maximumlikelihoodfit to the 2D distribution of the impactparameteof both muonsto extractthe bb
andcc componentsThe projectionof the 2D impactparametedistribution is comparedo thefit result
in Figurel.

Fromthisfit, we measuréhedimuoncrosssectiondobes,, A 1549 133pbands: &
624 104pb,wherethequotederroris the sumin quadraturef statisticalandsystematiaincertainties.
In orderto comparewith theoreticalpredictions we evaluatethe NLO dimuoncrosssectionusingthe
MNR generatowith theeventsdecayedy EvtGen?® Thisgivesavalueof s -© & 1293pb, resulting
inaratioof Ry, 12 02. Thismeasuremeris in agreementvith theNLO theoreticaprediction,and
doesnot confirm theanomaloushhigh dimuoncrosssectionobseredin Runl.

3 y 2S Production CrossSection

Charmoniunproductionprovidesanotherarenan which to testour understandingf QCD. Thedevel-
opmentof NRQCDwaspromptedn partby the CDF Runl measurementsfJ y andy 2S production
crosssections! A nev CDF measurementf they 2S productioncrosssectionpusheshe pr range
fartherinto the perturbatie QCD regimethanwaspossiblewith Run| data2

Wereconstrucy 2S p p usingl.1fb ! of CDFdata.Wethenperformanunbinnedmaximum
likelihoodfit in they 2S massand properdecaylengthct distributions. The massfit separateshe
signalfrom the backgroundwhile thect fit separatepromptly-producey 2S fromy 2S originating
from secondarylecaysof long-lived particles(predominantlyB mesons)They 2S py rangeof 2to 30
GeV/ is divided into 25 bins, andthe signalyield andpromptfractionin eachpy bin areextractedby
thelikelihoodfit.

They 2S acceptancdependsiponthey 2S polarization.The CDFmeasuremerdfy 2S polar
izationis statisticallylimited, with only threemeasurediatapoints.! We take the averageof thesethree
datapointsastheeffective polarizationaef 001 0 13,wherea is definedaccordingo Equation(1),
andusethis valueto calculatethey 2S acceptancen eachbinofy 2S pr.

Thefinal resultis shavn in Figure2, wherethe promptly producedy 2S areseparatedrom those
producedin B decays.The CDF Run| measuremernis alsoshavn in Figure2. Theintegratedcross
sectionhasincreasedy 18 19%from theRunl measurementomparedo atheoreticapredictionof
14 8% for the changen centerof massenegy from 1 80 TeV to 1 96 TeV. 8 Theintegratedinclusive
differentialcrosssectionis measuredo be
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Figure 1: Projectionof the two-dimensionaimpactparameter
distribution of muonpairscomparedo theresultof afit for the
bb andcc componentsThedifferentletter combinationsn the
legendindicatethedimuonsource asexplainedin thetext: “B”
for a muonfrom a b quark,“C” for a muonfrom a c quark,
and“P” for a promptmuon. The legendgivesthe numberof
eventsfound by thefit for eachdimuonsource alongwith the
statisticaluncertainty
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Figure2: Thedifferentialcrosssectionfor prompty 2S (solid
circles)andy 2S from B mesondecayghollow circles). The
crosssectionfor y 2S from B mesondecaysis scaleddowvn
by afactorof 10 sothatthetwo curvesmaybeseenseparately
Triangulamarkersindicatetheresultsof aCDF Runl measure-
ment,which hasnotbeenscaledo accountor thedifferencein

centerof massenegy. ’

4 Polarization of j 1S andj 2S

Recentmeasurementsf theJ y andy 2S polarizationat CDF shav significantlongitudinal polar
ization with increasingpr, * while NRQCD predictstrans\ersepolarizationat sufiiciently high pr for
Swave quarlonia producedin pp collisions. Now D@ presentsiev measurementsf thej 1S and
i 2S polarizationanothelimportanttestof thetheoreticabpproaches QCD.
Thepolarizationis measuredh the parameten, definedas:
ST 25_

a ST 25_ (1)
wherest ands, arethe transerseand longitudinally polarizedcomponentof the crosssectionre-
spectvely. If the transerseand longitudinal statesare equally populated,one measuresa  0; for
longitudinalpolarizationa 0, while for trans\ersepolarizatona 0. In quarloniadecayto alepton
andanti-lepton,a maybe obtainedrom theangulardistribution
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Wul acogq 2)

whereq istheanglebetweerthej in thelabframeandthe positive leptonin thej restframe.

Using1 3fb !of D@datawefind 420000; nS u p candidates. Thej dataaredividedinto
severalbinsinj pr p; and cosq ,andthenumberofj 1S andj 2S in eachbin areextractedfrom
afit to thej massdistribution. The masssignalconsistsof threepeaksthe; 1S, 2S, andj 3S,
wherethe massdifferencesbetweenthe peaksare fixed to the measured/alues.1® Unfortunately the
numberof j 3S wasinsuficient to extractthe angulardistributions. The angulardistribution in each
bin is comparedo | 1S andj 2S Monte Carlo samplesvhich were generatedvith the parameter
a setto zero. The measuredalue of a for the datais then determinedby reweighting the angular
distributions in the Monte Carlo. The dependencef a on pi is plottedin Figure 3 for bothj 1S
andj 2S, alongwith varioustheoreticalpredictions.While statisticsfor thej 2S areinsuficient to
draw aconclusionjn thej 1S thereis significantpr dependeniongitudinalpolarizationwhichis only
maiginally consistentvith ary of thetheoreticabredictions.
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Figure3: Ontheleft is shavn the dependencef the polarizationparameter on pi. for thej 1S . Theblack pointsarethe
D@ data,while thegreentrianglesarethe CDF Run| result1! Theyellow bandcorrespondso anNRQCDprediction 12 while
the two dashedcurvesaretwo limiting casesfrom kr factorizationmodels 12 The lower line correspondso the quark-spin
conseration hypothesiswhile the upperline correspondgo the full quark-spindepolarizatiorhypothesis.On the right is
shavn thedependencef a on pi for thej 2S . Thebluepointsarethe D@ dataandtheyellow bandis anNRQCDprediction.

5 Conclusions

Recentmeasurementsf thebb correlationandthey 2S crosssectionatthe Tevatronarein agreement
with NLO and NRQCD predictions. However, measurementef quarlonia polarizationin the same
perturbatie pr regime shav discrepancie$rom theoreticalpredictions. Theoreticalmodelsare now
challengedo matchthe polarizationmeasurementshile continuingto describethe crosssectiondata.
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